The expression of thyroid transcription factor-1 in normal and neoplastic tissues and cell lines of the human lung was investigated using immunohistochemistry and in situ hybridization in conjunction with reverse transcription polymerase chain reaction. In normal lung tissues, immunoproducts of thyroid transcription factor-1 were observed in the nuclei of alveolar cells and bronchiolar cells. Interestingly, in distal bronchioles, immunohistochemistry and in situ hybridization revealed that thyroid transcription factor-1 was present not only in nonciliated cells (Clara cells) but also in ciliated cells and basal cells. In neoplastic tissues, thyroid transcription factor-1 was demonstrated in adenocarcinomas and small cell lung carcinomas with high frequency: 96% and 89% of cases, respectively. Thyroid transcription factor-1 was not detected in squamous cell carcinomas and large cell carcinomas. The strong immunoreactivity of thyroid transcription factor-1 or simultaneous expressions of thyroid transcription factor-1 and surfactant protein A tended to correlate with the differentiation phenotypes in adenocarcinomas; they were more frequently present in the well-differentiated type than were moderately and/or poorly differentiated types. By reverse transcription polymerase chain reaction, expression of thyroid transcription factor-1 messenger RNA was observed in squamous cell carcinomas in addition to in adenocarcinomas and small cell lung carcinomas, and this finding was confirmed in the cell lines from squamous cell carcinomas. Only one case of 99 adenocarcinomas that originated in various organs other than lung and thyroid immunohistochemically expressed thyroid transcription factor-1. 
Thyroid transcription factor-1 (TTF-1) is a homeodomain-containing nuclear transcription protein of Nkx2 gene family (1, 2) . This kind of protein plays very important roles in the development, cell growth, and differentiation processes. TTF-1 was first identified in the follicular cells of the thyroid as a thyroid-specific DNA-binding protein, and it was subsequently demonstrated in the lung and in certain areas of the brain (3) (4) (5) . In the thyroid, TTF-1 activates the transcription of thyroglobulin, thyroperoxidase, and thyrotropin receptor genes in follicular cells and of several genes associated with calcium metabolism in C cells (6 -8) . In the lung, the role of TTF-1 has been documented as a critical transcription factor that regulates the gene expression of lung-specific proteins such as Surfactant Proteins A (SP-A), B, and C and Clara cell secretory protein (9 -11) .
Recent immunohistochemical studies showed that TTF-1 is frequently expressed in lung carcinomas (2, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . However, the previously reported frequencies vary considerably in different series: 27-76% of adenocarcinoma cases (2, 12, 15) , 83-100% of small cell lung carcinoma cases (12) (13) (14) , 0 -25% of large cell carcinoma cases (12, 20) , and 0 -38% of squamous cell carcinoma cases (2, 14, 20) . Therefore, it may be worthwhile to estimate the precise prevalence of TTF-1 expression in human lung carcinomas using different techniques together with immunohistochemistry.
Most previous immunohistochemical studies have focused on TTF-1 alone, and little is known about its correlation with surfactant proteins in hu-man lung carcinomas (2, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . And there have been no reports on the in situ expression of TTF-1 mRNA. Therefore we investigated the expression and localization of TTF-1 and SP-A in normal and neoplastic lung tissues by immunohistochemistry and nonisotopic in situ hybridization in conjunction with reverse transcription (RT) polymerase chain reaction (PCR) to determine whether TTF-1 expression profiles are of value for pathological diagnosis and for prediction of the biological behavior of lung carcinomas.
MATERIALS AND METHODS

Tissue Preparation
A series of surgical specimens from patients with lung tumors comprised of adenocarcinoma (52 cases), squamous cell carcinoma (26 cases), small cell lung carcinoma (18 cases), large cell carcinoma (8 cases) , and metastatic hepatocellular carcinoma (3 cases) were selected from the surgical files of Yamanashi Medical University Hospital to represent a wide range of lung cancer. The histological typings of lung carcinomas were classified according to the third edition of Histological Typing of Lung Tumors (World Health Organization [WHO], 28). We determined histological gradings (well, moderately, and poorly differentiated) of the adenocarcinoma according to WHO classification (28) , carried out by applying conventional histological criteria to architectural patterns and cytological features. Tumors with extensive solid components were classified as poorly differentiated carcinoma.
In addition, we examined 99 adenocarcinomas that originated from other organs, including colon (25 cases), stomach (23 cases), pancreas (15 cases), prostate (15 cases), gallbladder (10 cases), and breast (11 cases). All specimens were fixed in 10% neutral buffered formaldehyde, processed routinely, and embedded in paraffin wax.
Cell Lines
The 14 cell lines consisted of 4 lung adenocarcinoma cell lines (A549, 1-87, 11-18, and LK87S), 4 lung squamous cell carcinoma cell lines (Sq-1, Sq-19, EBC-1, and LK-2), 4 small cell lung carcinoma cell lines (LK79, S2, LU65, and 87-5), and 2 lung large cell carcinoma cell lines (Lu99 and Lu99B). All these samples were provided from Cell Resource Center for Biomedical Research of Tohoku University. These cell lines were incubated under the optimal conditions for each cell line.
Immunohistochemistry
For immunohistochemical analysis, the following antibodies were used: mouse monoclonal antibody against TTF-1 (NeoMarkers, Fremont, CA) and mouse monoclonal antibody against SP-A (DAKO JAPAN, Kyoto, Japan; 29) at a dilution of 1:50.
For TTF-1 immunostaining, heat pretreatment of the paraffin sections was employed for antigen retrieval as described in the appending sheet. Sections with 3-or 4-M thickness were cut and mounted on poly-L-lysine-coated slides. Deparaffinized sections were placed first in plastic Coplin jars filled with citrate buffer (pH 6.0) and incubated for 10 min at 120°C in an autoclave. After autoclave pretreatment, the sections were allowed to cool to room temperature and then were exposed to 3% hydrogen peroxide in water to inactivate endogenous peroxidase.
Indirect immunoperoxidase staining was used according to standard protocols (30) . The sections were incubated for 2 hours at room temperature with the primary antibodies. Antimouse immunoglobulin G conjugate serum was applied to the sections for 60 minutes at room temperature, and the peroxidase reaction was performed using 3,3'-diaminobenzidine tetrahydrochloride (3,3'-diaminobenzidine). The immunohistochemical preparations were counterstained with methyl green or hematoxylin.
For serum controls, normal mouse serum or phosphate buffered saline (PBS) was used instead of the primary antibody. Thyroid tissues were used as a positive control.
Positive cases were represented as ϩ or ϩϩ (ϩ, positive cells Ͻ20% of tumor cells; ϩϩ, positive cells Ͼ20% of tumor cells). Two of the authors (NN and RK) estimated the immunoreactive cells separately and determined the positive cases.
In Situ Hybridization
A plasmid encoding a mouse subclone of the TTF-1 genome was supplied by Roberto di Lauro, Ph.D. (Stazione Zoologica A. Dohrn, Villa Comunale, Naples, Italy). For riboprobe preparation, a 757-bp SacII fragment (149 -905 bp) of TTF-1 cDNA was subcloned into Bluescript SKϩ (Stratagene; La Jolla, CA). The plasmid was linearized with restriction enzyme NotI and was washed by phenol-chloroform extraction. The purified, linearized plasmid was used to generate labeled RNA antisense probes by performing in vitro transcription using T3 RNA polymerase and digoxigenin-11-uridine-5'-triphosphate (Boehringer Mannheim GmbH Biochemica, Mannheim, Germany). In the same way, the sense probe was made using the restriction enzyme BglII and T7 RNA polymerase.
The in situ hybridization protocol was a modification of a method described by Katoh et al. (7) . In brief, sections were deparaffinized with xylene, rehydrated with a graded series of ethanol solutions, rinsed in PBS at pH 7.4, postfixed with 4% paraformaldehyde for 5 minutes, rinsed in PBS, and digested with 20 g/mL proteinase K (Sigma, St. Louis, MO) at 37°C for 20 minutes. Slides were fixed again with 4% paraformaldehyde for 5 minutes, rinsed with PBS, dehydrated in graded solutions of ethanol, and air dried.
Probes were diluted with hybridization solution (10 mmol/L Tris-HCl, pH 7.6, containing 50% formamide, 200 g/mL transfer RNA, 1ϫ Denhardt's solution, 10% dextran sulfate, 600 mmol/L NaCl, 0.25% sodium dodecyl sulfate, and 1 mmol/L ethylenediaminetetraacetic acid [EDTA] ) to a final concentration of 1 ng/mL, and sections were hybridized with a heat-denatured riboprobe for 18 hours at 55°C. The hybridization samples were washed sequentially in 5ϫ SSC (sodium chloride and sodium citrate) for 5 minutes at 55°C, then in 2ϫ SSC containing 50% formamide for 30 minutes at 55°C; 1ϫ SSC is composed of 0.15 mol/ϩ NaCl and 0.015 mol/L sodium citrate. To degrade unbound riboprobe, sections were treated with RNase A (1 g/mL in 10 mmol/L EDTA) at 37°C for 30 minutes, then sequentially washed once in 2ϫ SSC for 20 minutes at 55°C and twice in 0.2ϫ SSC for 20 minutes at 55°C . The hybridized probe was detected using a Nucleic Acid Detection Kit (Boehringer Mannheim GmbH Biochemica) according to the manufacturer's instructions. Briefly, slides were incubated with 1.5% blocking reagent for 30 minutes at room temperature, then with a 1:500 dilution of alkaline phosphatase-labeled sheep antidigoxigenin Fab fragment for 1 hour at room temperature. After washing, slides were incubated with substrate solution containing nitroblue tetrazolium salt and X-phosphate (5-bromo-4-chloro-3-indoyl phosphate) for 2 to 12 hours, counterstained with methyl green, and mounted using a glycerin-gelatin solution.
Reverse Transcription-Polymerase Chain Reaction
Total RNA were prepared by the acid guanidinium-phenol-chloroform system (ISOGEN, Nippon Gene Co Ltd, Toyama, Japan) as described in the manufacturer's instructions. Isolated total RNA (20 g) was fractionated by electrophoresis of 1.5% agarose in 18% formaldehyde gels. The quality of the extracted RNAs showing two clear bands of 28S and 18S, corresponding to ribosomal RNAs, were selected for further studies. Five micrograms of total RNA was reverse-transcribed using murine leukemia virus reverse transcriptase. PCRs were carried out according to the Gene Amp DNA amplification reagent kit instructions (Perkin-Elmer, Norwalk, CT). Thirty cycles were performed. During each cycle, the samples were heated to 94°C for 30 seconds, cooled to 56°C for 60 seconds, and heated to 72°C for 60 seconds. The RT-PCR reagent blank yielded no detectable products. A 16-L sample of each 50-L PCR solution was fractionated by electrophoresis in a 2% agarose gel. Gels were photographed using Polaroid 655 film. The oligonucleotide primer sequences for TTF-1, SP-A, and ␤-actin are described in Table 1 . RNAs extracted from the stomach, colon, and liver were used as the negative tissue control.
RESULTS
Immunohistochemistry and In Situ Hybridization
Normal Tissues
In the current immunohistochemical study, the immunoreactive products of TTF-1 protein were clearly identified in the nuclei of alveolar cells, possibly indicating Type II cells (Fig. 1, A-B ). This finding was supported by in situ hybridization; alveolar cells with round nuclei were strongly hybridized with a specific riboprobe for TTF-1 mRNA (Fig. 1C) . TTF-1 protein was also observed in the nuclei of ciliated and nonciliated cells in terminal and respiratory bronchioles (Fig. 1F ). There was a tendency for stronger TTF-1 immunostaining in nonciliated Clara cells than in ciliated bronchiolar cells. Furthermore, in parts of the distal bronchiole, TTF-1 was observed in the nuclei of basal cells but not in goblet cells (Fig. 1J) . The mRNA of TTF-1, however, was evident with in situ hybridization in some goblet cells as well as in basal cells in distal bronchiole (Fig. 1K) . The immunoreactive products of SP-A were observed in the cytoplasm of nonciliated Clara cells and alveolar Type II cells (Fig. 1, D 
& H).
Neoplastic Tissues
Positive Frequency of TTF-1 and SP-A in Lung Carcinomas. The immunohistochemical results of TTF-1 and SP-A in lung cancers are summarized in Table 2 . The immunopositivities of TTF-1 were located in the nuclei of neoplastic cells in adenocarcinoma ( Fig. 2) and small cell lung carcinoma (Fig.  3 ) and were not found in squamous cell carcinoma and large cell carcinoma. The positive frequencies in adenocarcinomas and small cell lung carcinomas were 96% and 89% of cases, respectively (Table 2) . Thirty-eight of 52 adenocarcinoma cases (73%) and all but two small cell lung carcinoma cases showed strong immunoreactions of TTF-1 ( Table 2 ). In situ hybridization using a specific riboprobe for the TTF-1 gene revealed a high expression of TTF-1 mRNA in the cytoplasm of tumor cells that showed a strong immunoreactivity for TTF-1 (Figs. 2C and 3C).
In contrast to TTF-1 immunostaining, distinctive cytoplasmic immunoreactions of SP-A in neoplastic cells were only demonstrated in 73% of adenocarcinoma cases (Figs. 2D and 3D) and not in other types of lung carcinomas (Table 2) .
Tumor Differentiation and Expression of TTF-1 and SP-A in 52 Adenocarcinomas. Tables 3 and 4 summarize the immunohistochemical relations between TTF-1 and SP-A in 52 adenocarcinomas. A strong TTF-1 immunoreactivity (representing ϩϩ) was found in 100% of cases in well-differentiated cancers, 76% of cases in moderately differentiated cancers, and 50% of cases in poorly differentiated cancers (Table 3) . In contrast to this, strong SP-A immunoreactions (representing ϩϩ) were less frequently observed in all types in adenocarcinoma: 37% of cases in the well-differentiated type, 31% of cases in the moderately differentiated type, and 25% of cases in the poorly differentiated type. Simultaneous positivity of TTF-1 and SP-A (representing ϩ/ϩ) was most frequently observed in the well-differentiated type of adenocarcinomas (89%) and less frequently in the moderately (62%) and poorly (50%) differentiated adenocarcinomas (Table 4). The tumors showing TTF-1 positivity and SP-A negativity (representing ϩ/Ϫ) were most frequently observed in poorly differentiated adenocar- Adenocarcinoma with Other Origins. We examined the TTF-1 expressions in 99 adenocarcinomas with other origins including the colon, stomach, pancreas, prostate, gall bladder, and breast (Table  5) . Among these cancers, TTF-1 was demonstrated only in one case of stomach cancer, which showed a poorly differentiated adenocarcinoma. In this tumor, TTF-1 was identified in the nuclei of spindle cells and not in the cells forming tubules (data not shown). In addition, three cases of metastatic lung cancer that originated from the liver were also negative for TTF-1 protein and mRNA and for SP-A protein.
Reverse Transcription Polymerase Chain Reaction
In tissue materials, RT-PCR revealed that mRNA expressions of TTF-1 and SP-A were demonstrated in squamous cell carcinoma as well as in adenocarcinoma and small cell lung carcinoma (Fig. 4A) . SP-A mRNA expression was present in adenocarcinoma, squamous cell carcinoma, and large cell carcinoma and was absent in small cell lung carcinoma. In large cell carcinoma tissues, no specific band of TTF-1 mRNA was obtained (Fig. 4A) .
RT-PCR analyses for TTF-1 and SP-A mRNAs were also performed in 14 lung carcinomas cell lines including 4 adenocarcinomas, 4 squamous cell carcinomas, 4 small cell lung carcinomas, and 2 large cell carcinomas (Fig. 4B) . TTF-1 mRNA was expressed in 2 of 4 adenocarcinoma cell lines, 3 of 4 squamous cell carcinoma cell lines, and 3 of 4 small cell lung carcinoma cell lines ( Fig. 4; Table 6 ). TTF-1 protein was demonstrated immunohistochemically in all but one cell line expressing TTF-1 mRNA (Table 6) . No distinctive band of TTF-1 mRNA was obtained in two large cell carcinoma cell lines. The expression of SP-A mRNA was demonstrated only in one of four adenocarcinoma cell lines and in one of four squamous cell carcinoma cell lines ( Fig. 5 ; Table 6 ).
DISCUSSION
The present study was undertaken to clarify the expression and localization of TTF-1 in normal and neoplastic lung tissues using immunohistochemistry and in situ hybridization in conjunction with RT-PCR. In the lung, it has been suggested that TTF-1 regulates the transcription of genes encoding lung-specific proteins such as Surfactant Apoproteins A, B, and C and Clara cell secretory protein (9 -11) . In the current immunohistochemical study, the immunoreactive products of TTF-1 were identified in the nuclei of alveolar cells and bronchiolar cells and were not demonstrated in bronchial cells. Surfactant proteins are produced in alveolar cells, and Clara cells secrete Clara cell secretory protein. Therefore, the present results supported the finding that TTF-1 regulates the secretory function of these pulmonary cells. Interestingly, in bronchioles, TTF-1 was found not only in nonciliated Clara cells but also in ciliated cells and basal cells. This finding has not been described in previous studies. In general, it is suggested that ciliated bronchiolar cells are closely related to nonciliated Clara cells. Therefore, TTF-1 expression in ciliated bronchiolar cells is not a surprising finding, and TTF-1 may play some roles in ciliated bronchiolar cells. The present results also showed the expression of TTF-1 in basal bronchiole cells that appeared in distal bronchioles, and they did not immunoreact with antibody for SP-A. Therefore, TTF-1 does not always introduce SP-A. The basal cells form a stem cell population from which the other cell type developed (31) . In this respect, it is suggested that TTF-1 may contribute to the maintenance of the bronchiolar cell differentiation process.
To better clarify the precise expression and localization of TTF-1 mRNA, we performed the in situ hybridization technique together with immunohistochemistry. To the best of our knowledge, in situ expression of TTF-1 mRNA has not been described in lung tissues. On in situ hybridization observation, the expression of TTF-1 mRNA was basically demonstrated in the cytoplasms of the pulmonary cells that were positive by the immunohistochemical study. However, the cells hybridized with the specific riboprobe appeared to be more extensive compared with positive cells by immunohistochemistry. It could be reasonable to suggest that in situ hybridization analysis together with immunohistochemistry can be useful for accurate assessment of TTF-1 expression in the lung tissues.
In the present study, TTF-1 was immunohistochemically demonstrated in 96% of adenocarcinoma cases. This result is rather high compared with the frequencies reported in other studies: frequency of TTF-1 ranged from 27-76% of adenocarcinoma cases (2, 12-16, 18 -20) . Recently, Lau et al. (15) reported that all mucinous carcinomas originated from the lung were observed to be TTF-1 negative and that 75% of nonmucinous carcinomas and 86% of mixed carcinomas (mixed nonmucinous and mucinous carcinoma) were positive for TTF-1. All adenocarcinomas studied here were not regarded as mucinous carcinoma, but several tumors included small areas showing mucin production. These mucinous parts were negative for TTF-1. Therefore, the high prevalence rate (96%) of TTF-1 in adenocarcinomas in the present study may be due to lack of mucinous carcinoma cases.
There have been no studies reported on TTF-1 expression in adenocarcinomas originating in organs other than the lung and thyroid. In this respect, we additionally examined 99 adenocarcinomas that occurred in several other organs including the colon, stomach, pancreas, prostate, gall bladder, and breast and demonstrated TTF-1 positivity only in one case of stomach adenocarcinoma with a poorly differentiated phenotype. From these results, the potential diagnostic value of TTF-1 in pulmonary carcinomas appears to be promising.
TTF-1 was implicated in regulation of differentiation genes in lung, such as Surfactant Proteins A, B, and C, and 10-kDa Clara cell gene promoters (1, 5, 9 -11) . Therefore, TTF-1 expression could be associated with the functional differentiation in lung carcinomas. The findings of the current immunohistochemical study revealed that TTF-1 was identified in all but two cases of adenocarcinoma, and a strong immunoreactivity of TTF-1 was more frequently observed in the well-differentiated phenotype than in the less differentiated phenotypes. Therefore, TTF-1 expression could be related to the functional differentiation of adenocarcinoma. Linnoila et al. (32) suggested that expression of Surfactant Apoprotein A and the 10-kDa Clara cell gene promoters were independent prognostic indicators for survival and delayed development of metastases in patients with early-stage non-small cell lung cancer. Taken together, it is suggested that a strong expression of TTF-1 can predict a better prognosis of adenocarcinoma. However, Puglisi et al. (19) reported that TTF-1 protein is an adverse prognostic factor and that a strong expression of TTF-1 is associated with a higher risk of death.
Small cell lung carcinomas frequently express TTF-1; the frequency of TTF-1 expression reported in several different series has ranged from 83-100% (12, 13-16, 21, 22) . Interestingly, more recent studies showed that TTF-1 is also expressed in extrapulmonary small cell carcinomas (24, 33) . In the present study, the high prevalence of TTF-1 was demonstrated in 90% of small cell lung carcinoma cases. In addition, our in situ hybridization and RT-PCR analysis confirmed a strong expression of TTF-1 mRNA in small cell lung carcinoma. Therefore, TTF-1 is suggested as a sensitive marker for small cell lung carcinoma. Although the precise significance of TTF-1 expression in small cell carcinoma is still unclear, the common expression of TTF-1 in adenocarcinoma and small cell carcinoma, as shown in the current study, may support the view that small cell lung carcinoma develop from an endodermal precursor and, therefore, small cell lung carcinoma and non-small cell lung carcinoma appear to develop from a common epithelial stem cell (34) .
In previous immunohistochemical studies, TTF-1 was demonstrated in some cases of pulmonary squamous cell carcinoma (2, 12-16, 18 -20) . In addition, it is known that some squamous cell carcinomas show focal mucin on histochemical stains (28) . We failed to demonstrate the immunohistochemical expression of TTF-1 in all 26 pulmonary squamous cell carcinoma tissues. However, in contrast, the present RT-PCR analysis revealed mRNA expressions of TTF-1 and SP-A in similar materials. This finding may be the result of entrapment of normal lung cells expressing TTF-1 mRNA such as Type II alveolar cells and bronchiolar cells. Indeed, squamous cell carcinoma tissues sometimes contain a small amount of normal lung cells in their peripheral areas. In this respect, it suggested that in situ hybridization studies can be useful to rule out this possibility. The present in situ hybridization study with a specific riboprobe for TTF-1 revealed that the convincing expression of TTF-1 mRNA was not demonstrated in squamous cell carcinoma cells. This result suggests that TTF-1 mRNA expression detected by RT-PCR may be due to entrapped normal lung cells and, therefore, the expression of TTF-1 mRNA may be absent or very small in squamous cell carcinoma cells. Surprisingly, however, RT-PCR analysis for RNAs extracted from the four cell lines of pulmonary squamous cell carcinoma revealed that the expression of TTF-1 mRNA was demonstrated in three cell lines, and the expression of SP-A mRNA, in one cell line. Therefore, it is reasonable to suggest that some squamous cell carcinomas could have originated from the cells expressing TTF-1 and/or SP-A.
In conclusion, TTF-1 is not only expressed from nonciliated Clara cells and alveolar cells but also from ciliated and basal cells in the distal bronchiole in connection with their functional ability and/or differentiation process. In neoplastic lung tissues, TTF-1 is one of most reliable markers for pulmonary adenocarcinoma and small cell lung carcinoma. Therefore, additional investigations of TTF-1 may provide useful information on the assessment of the functional nature and clinical behavior of these lung malignancies.
